consensus sequence 5Ј-(A/G)(C/A)A(C/T)CC(A/G)(C/A)N domain 1 (residues 360-445), interacts with the 5Ј region, CA(C/T)(C/T)-3Ј (Vignais et al., 1990) . The specific dissoand the C-terminal domain, domain 2 (residues 446-ciation constant for a ribosomal gene binding site is 1.3 578), interacts with the 3Ј region of the RAP1-binding ϫ 10 Ϫ11 M (nonspecific K d ϭ 8.7 ϫ 10 Ϫ6 M) (Vignais et site. Each domain contains a three-helix bundle and al., 1990) . One of the highest affinity binding sites is an N-terminal arm, which make specific contacts with the sequence 5Ј-ACACCCACACACC-3Ј (Buchman et al., bases in the major and minor groove, respectively. The 1988) found in S. cerevisiae telomeric DNA emerges from domain ). This site shows a typical feature of most 2 and folds back toward domain 1, where it interacts eukaryotic telomeric DNA, the tandem repetition of a not only with the bases in the major groove, but also short sequence unit, here the sequence ACACC.
with helix H1C of domain 1. This places the C-terminus To understand how RAP1 binds to telomeric DNA, we of the RAP1 DBD close to its N-terminus, so that the have determined the crystal structure of the RAP1 DBD DNA is completely enclosed by the protein. bound to an 18 bp telomeric DNA fragment. The protein
The protein-DNA interface extends over 16 bp, from has a bipartite structure made up of two structurally C4 to G19. Upon complex formation, the total reduction related domains that show structural similarity to hoof the solvent-accessible surface area, calculated with meodomains and the Myb motif. The protein is aligned a probe radius of 1.6 Å , is 4712 Å 2 (DNA, 2304 Å 2 ; protein, on the DNA so that the two domains interact in a similar 2408 Å 2 ). The two domains are positioned on the DNA manner with the two direct repeats in the RAP1-binding in a tandem orientation ( Figure 2 ). Domain 1 can be site. Thus, the architecture of the protein is ideally suited superimposed on domain 2 by a translation of 8 bp along to recognize the tandemly repeated sequence units of the DNA and a right-handed rotation of approximately telomeric DNA.
270Њ about the DNA axis. This orientation reflects an intrinsic tandem repetition of the sequence 5Ј-ACACC-3Ј Results and Discussion within the binding site. Each domain is similarly positioned in the major groove of the repeated sequence, Crystal Structure Determination resulting in a very similar pattern of contacts, although The minimal DNA-binding domain RAP1 DBD (residues the interactions differ in some details. The linker be-361-596) , including several additional tween the domains crosses the minor groove between but native amino acids at the N-and C-termini (Figure the two ACACC repeats, contacting both the sugar-1, top), was overexpressed in Escherichia coli and puriphosphate backbone and a base in the minor groove. fied as described previously .
Since the two domains do not form a protein-protein The binding affinity of the RAP1 DBD is the same as interface, their relative positioning on the DNA must be that of the full-length protein (D. R., unpublished data).
determined by both the interaction with the two DNA The protein was cocrystallized with a double-stranded sequence motifs and distance constraints imposed by 18 bp DNA fragment, with 5Ј overhanging bases (Figure the linker between the two protein domains. In summary, 1, bottom) containing a high affinity telomeric binding the RAP1 DBD consists of two structurally related dosite (Gilson et al., 1993) . mains linked to recognize two direct sequence repeats The structure of the protein-DNA complex was solved of telomeric DNA. using multiple isomorphous replacement methods (see Experimental Procedures; Table 2 ). Heavy atom derivatives were obtained by conventional soaking methods Structure and DNA Contacts of Domain 1 and by the use of a phosphorothioate DNA derivative Domain 1 consists of a short N-terminal arm (residues reacted with mercuric chloride. The experimental map 360-364), a three-helix bundle (H1A, residues 365-376; was improved by solvent flattening and noncrystallo-H1B, residues 386-391; and H1C, residues 400-409), graphic symmetry averaging methods. The resulting and a region of loosely folded structure (residues 410-electron density map was interpretable for the DNA and 445) (Figure 2 ). The short N-terminal arm interacts with the protein, with the exception of residues at the termini the DNA backbone and positions Lys-360 in the minor (residues 353-359 and 595-598), three internal regions groove, where it contacts the base A5. The three-helix (residues 482-512, 565-571, and 579-585), and one of bundle interacts with the sugar-phosphate backbone on the overhanging bases of the binding site. The two comboth sides of the major groove. Most of the sequenceplexes in the asymmetric unit are aligned head-to-head, specific interactions are made by the DNA-recognition with the DNA forming pseudo-continuous fibers in the helix H1C, which together with helix H1B constitutes a crystal lattice. For presentation and discussion, we refer helix-turn-helix motif. Contacts are made to the bases to only one of the two protein-DNA complexes in the of both DNA strands (Figures 3a and 4 ) and involve direct asymmetric unit, since they are essentially identical. The hydrogen bonds (Asn-401 to C8 and Arg-404 to G8Ј-current model includes 103 water molecules per com-G9Ј), as well as water-mediated interactions of side plex and has been refined to an R factor of 21.9% (free chains to bases. A cluster of three well-positioned water R-factor ϭ 29.4%) using data from 16.0 Å to 2.25 Å molecules is present between helix H1C and the DNA, resolution. A representative region of the electron dentwo of which mediate sequence-specific contacts to C6 sity map, for the C-terminal tail interacting with the Cand G8Ј, as judged from the stereochemistry of their triplet sequence, is shown in Figure 3c .
ligands . A hydrophobic interaction between Ser-402 and His-405 and the highly Overall Architecture exposed base of C6 further increases the specificity of The RAP1 DBD consists of two clearly defined domains and a C-terminal tail (Figure 2 ). The N-terminal domain, recognition. The major groove is substantially widened (by 5-6 Å ) of helix H1B within hydrogen bonding distance to G9Ј (Figure 3a) . Thus, residues from both helix H1C and the at the protein-DNA interface of domain 1 (Table 1 ). This loop between helices H1A and H1B contribute to the allows an unusual docking of the helix-turn-helix motif specific binding of domain 1 to the 5Ј sequence repeat such that the loop between helices H1A and H1B can A5-C6-A7-C8-C9-C10. (Figures 3a and 4) . closely approach the bases in the major groove. This
The C-terminal part of domain 1 shows no regular brings the side chain of His-385 at the N-terminal tip secondary structural elements, but is closely associated with the three-helix bundle through various hydrophobic contacts and hydrogen bonds (Figure 2 ). This region links domain 1 with the N-terminal arm of domain 2 and thereby serves two functions, structurally stabilizing the ␣-helical core as well as constraining the relative positions of domain 1 and domain 2. An interesting feature of this region is the presence of two structurally similar turns (residues 422-427 and 430-435) that have partial sequence similarity.
Structure and DNA Contacts of Domain 2 Domain 2 has a similar structural core to domain 1 in that it also contains a three-helix bundle (H2A, residues 451-470; H2B, residues 525-532; and H2C, residues 538-552) and an N-terminal arm (residues 446-450). In addition, it contains a fourth helix (H2D, residues 554-562) that bends sharply away from helix H2C. Helix H2D interacts extensively with H2A and may therefore have a domain-stabilizing function (Figure 2 ). In contrast to domain 1, a large and partially unstructured loop (residues 471-524) is inserted between the helices H2A and H2B. Proteolysis studies on the RAP1 DBD-DNA complex (L. C., unpublished data) show that this flexible region is rapidly cleaved, indicating that the loop is also unstructured in solution. The equivalent regions of domain 1 (residues 360-378 and 387-409) and domain 2 (residues 446-464 and 525-547) are structurally very similar, with a root-mean-square deviation (rmsd) of C␣ atoms of 0.79 Å (Figure 6a ). The sequence identity over these regions is 28% and is mainly confined to helices H1C and H2C. The DNA-recognition helix H2C is longer than the corresponding helix H1C of domain 1 and con- gether with Ser-444 and Ile-445 at the C-terminus of Figure 3a . The loop between helices H2A and H2B is omitted. The N-terminal arm is extended beyond Lys-446 to illustrate the interaction of the linker region between the two domains with the minor groove.
(c) Stereo view of the interaction of the C-terminal tail to bases in the C-triplet. The electron density (cyan) calculated with 2(Fo-Fc) coefficients is contoured at 1. The carbonyl oxygens of the protein backbone of residues Pro-589 and Gly-590 form hydrogen bonds (white dotted lines) with the DNA bases C9 and C10. The side chain of the aromatic residue Tyr-592 is positioned over these interacting residues. Water molecules are shown as pink spheres. DNA parameters were calculated using the program Curves (Lavery and Sklenar, 1989) . The values for shift and slide are given as inter-base pair parameters. The twist is shown for each strand separately (C-rich and G-rich strand). For comparison, the values are shown for standard B-DNA (Insight II; Biosym Technologies).
domain 1 form a clamp over the minor groove, pulling The junction between domain 2 and the C-terminal the phosphate backbones together. The side chain of tail appears to be relatively flexible and less well defined Lys-446 is inserted into the narrowed minor groove and in the electron density maps. However, the modeled contacts A13 in the same way as Lys-360 of domain 1 region from residues 572-578, which is flanked by two interacts with A5. Specific contacts to the DNA bases small regions of disorder (residues 565-571 and 579-involve residues Arg-542, Asp-543, Arg-546, and Lys-585), interacts extensively with the phosphate group of 547 from the recognition helix H2C, which interact with C12 ( Figure 3b ). the sequence A13-C14-A15-C16-C17 of the 3Ј region of the DNA-binding site (Figures 3b and 4) .
Structure and DNA Contacts Although the general pattern of contacts of domain of the C-Terminal Tail 1 and 2 is largely similar, the detailed nature of the The section of the C-terminal tail that could be unambiginteractions show some surprising differences, even for uously interpreted in the electron density map (residues positions with identical side chains. For example, Arg-587-594) is positioned in the major groove over the 542 in domain 2 contacts the N7 of G17Ј, while the C-triplet at the 5Ј side of the RAP1-binding site (Figures corresponding residue Arg-404 of domain 1 contacts 2 and 3c). The link between this region and domain 2 is two bases, the N7s of both G8Ј and G9Ј. In an extreme partially disordered. Since the crystal packing places the case, Arg-546 interacts with the O6 and N7 of G16Ј, disordered regions of the C-terminal tails of symmetrywhile the corresponding residue Arg-408 forms only a related complexes in close proximity, it cannot be exwater-mediated contact with the O4 of T7Ј. The interaccluded that the tail of one protein molecule interacts tion of Arg-546 displaces the base pair C16-G16Ј toward with the DNA of a symmetry-related complex. However, the minor groove (Table 1) , preventing Asn-539 from the importance of this ordered region of the C-terminal interacting with the N4 of C16Ј in the same way that tail has been demonstrated by biochemical experiAsn-401 of domain 1 contacts the N4 of C8 (Figure 4) . ments, which show that deletion of residues 583-596 It appears, therefore, that the overall interaction patterns abolishes DNA binding . Therefore, of the recognition helices respond in a concerted way we favor the interpretation that the visible section of the to subtle differences at the protein-DNA interface. This C-terminal tail and the two domains that interact with could be due to the replacement of two base-contacting one DNA duplex are part of the same RAP1 DBD molresidues (Asp-543 for His-405 and Lys-547 for ecule. or to slight differences in the overall positioning of the helix with respect to the DNA.
The C-terminal tail contacts the bases C9 and C10 through the main chain carbonyl oxygens of residues Pro-589 and Gly-590 (Figures 3c and 4 ). These contacts, together with a hydrophobic pocket (Pro-589, Tyr-592, and His-385) formed around the methyl group of T9, further specify the sequence in the 5Ј region of the recognition site. This might explain the invariance of the C-triplet in RAP1-binding sites (Buchman et al., 1988; Vignais et al., 1990) . The tail also interacts with the N-terminal tip of the recognition helix H1C of domain 1, suggesting a cooperative binding behavior.
DNA Conformation
The DNA is slightly under-twisted over the region contacted by the protein (C4 to G19) (Table 1 ), but does not differ substantially from "typical" B-DNA . The DNA axis is bent in the middle of the binding site, at base pair C10-G10Ј, by about 20Њ toward the major groove, in approximate agreement with a value of 29Њ estimated from scanning tunneling microscopy studies (Mü ller et al., 1994) . The most striking distortion is the widening of the major groove over the protein-DNA interface of domain 1 at base pair A7-T7Ј (Table 1) . This is caused by a displacement of the DNA backbone toward the minor groove at the C-triplet, which might The DNA is represented as an opened-out helix. Direct hydrogen C-G base pairs for under-twisting (Fairall et al., 1989) . tion of the protein clamp at the junction between domain 1 and 2 (Figures 2 and 3b ) and may contribute to the positioning of domain 2 with respect to domain 1. and the deoxyribose rings, respectively, of successive An interesting structural feature of the C-rich strand bases. Thus, the protein appears to recognize the se-(top strand in Figure 1, bottom) is the enhanced stacking quence-dependent DNA conformation of the sugarof bases in purine-pyrimidine steps and destacking of bases in pyrimidine-purine steps, resembling the conformation observed for alternating poly(dA-dT) tracts (Yuan et al., 1992) . The destacking in C-A steps is correlated with over-twisting, while the enhanced stacking of bases in the AC step correlates with under-twisting or a positive shift (Table 1) . The under-and over-twisting is less pronounced in the complementary G-rich strand (bottom strand in Figure 1 , bottom), but there is no indication of a significantly destabilized base pairing between the two strands. The observed stacking pattern at C-A and A-C steps, which appears to reflect an intrinsically preferred DNA conformation, not only affects the location of the bases in the major groove and hence their hydrogen bonding distance to the protein residues, but also appears to cause the sugar-phosphate backbone to take up a particular conformation. For instance, the enhanced stacking at the dinucleotide step A13-C14 is correlated with a movement of the phosphate group drophobic side chains contact the phosphate groups phosphate backbone. Such an "indirect readout" of the POU domain (Klemm et al., 1994) , the Paired domain (Xu et al., 1995) , and the Myb motif (Ogata et al., 1994) . sequence is likely to contribute to sequence-specific recognition.
Of these, only Myb binds to DNA with domains in a tandem orientation. The short linker between the Myb domains constrains the binding units to follow each Comparison with Other DNA-Binding Motifs other closely in the major groove. The linker between In both domains of the RAP1 DBD, the N-terminal arm the domains of RAP1 DBD is substantially longer. This interacts in the minor groove, and each helix-turn-helix allows the protein to cross the minor groove and promotif of the three-helix bundles is positioned in the major vides an efficient way to constrain the position of the groove of the DNA (Figure 6a ). This arrangement is strucdomains on the tandem DNA repeats. An alignment of turally related to the homeodomains of Engrailed (Kistwo homeodomains in a tandem orientation has been singer et al., 1990), Mat␣2 (Wolberger et al., 1991) , Anobserved in the recently solved structure of the MATa1/ tennapedia Qian et al., 1993) , POU MAT␣2 heterodimer (Li et al., 1995) , but in this case the (Klemm et al., 1994) , and Paired (Xu et al., 1995) . Howorientation of the independent domains on the DNA is ever, both domains of the RAP1 DBD have additional determined through a protein-protein interface. elements appended to or inserted into the three-helix bundles. In domain 1, the loop between helices H1A and H1B is longer than in the homeodomains, and the
Correlation with Genetic and Biochemical Data
It has been shown that a number of mutations in RAP1 C-terminal region may serve not only as a linker to domain 2, but could also have a stabilizing function. The affect the length of telomeres in S. cerevisiae. Two sets of mutations, rap1 t (Kyrion et al., 1992) and rap1 s (Sussel topology of the C-terminal region of domain 1 is similar to that of the "wing" of the winged helix-turn-helix motifs and , are located outside of the RAP1 DBD in the C-terminal domain of the protein and cause the (Brennan, 1993) , but it does not form the characteristic ␤ sheet and is located in a different position relative to elongation of the telomeric DNA, presumably by interfering with the RAP1 interacting factor RIF1 (Hardy et al., the core of the domain. Domain 2 contains a large and partially disordered loop between helices H2A and H2B, 1992). In contrast, a set of temperature-sensitive (rap1 ts ) mutants cause telomere shortening (Lustig et al., 1990 ; which probably weakens the three-helical core and may explain the presence of the fourth helix H2D to increase Kurtz and Shore, 1991) . Three rap ts mutants have been mapped within the RAP1 DBD and show reduced DNAstability. The superposition of domain 1 of the RAP1 DBD with the Engrailed homeodomain (Figure 6b ), over binding activities under nonpermissive temperatures (Kurtz and . The effect of these mutations the corresponding regions of the three-helix bundle and the N-terminal arm, gives a rmsd between C␣ atoms of can be explained by the RAP1 DBD-DNA structure. The subsitution of Glu-367 with Lys-367 in helix H1A abol-2.1 Å . A particularly close structural similarity is found between the three-helix bundles of the RAP1 DBD and ishes its tight interaction with His-398 located in the loop between the helices H1B and H1C in domain 1. the proto-oncogene Myb (Ogata et al., 1994) (Figure 6c ). The rmsd between the C␣ atoms of domain 1 and the The mutation of Ala-458 to Thr-458 in helix H2A affects a hydrophobic pocket that is formed with the residues second repeat of Myb over the same regions is 1.16 Å .
Despite the structural similarity, the docking of the from the helices H2A, H2C, and H2D. The third mutation, Ala-563 to Pro-563, is located at the end of helix H2D two domains of the RAP1 DBD on the DNA is different from that of most homeodomains and the Myb protein.
and may affect the positioning of the protein chain toward the C-terminal tail. Since none of the mutations Although the DNA-recognition helices of the Engrailed homeodomain and RAP1 DBD have a comparable orienoccurs in the protein-DNA interface, the loss of DNAbinding activity must be due to a destabilization of the tation relative to the DNA axis, the domains of RAP1 DBD are tipped into the major groove by a rotation of three-dimensional structure of the RAP1 DBD. A similar destabilizing effect also explains another set of recently approximately 45Њ about their DNA-recognition helices (Figure 6b ). While the recognition helices of the RAP1 identified mutants within the RAP1 DBD (Tyr-455 to Lys, Leu-459 to Pro, and Met-575 to Lys). These mutants DBD domains are aligned at almost right angles to the DNA axis, those of the Myb protein essentially follow were shown to relieve the toxic effect of RAP1 overexpression and to have reduced DNA binding affinity (Freethe path of the major groove (Figure 6c ). The docking of the helix-turn-helix motifs in the RAP1 DBD is most man et al., 1995). The available footprinting data for RAP1 (Longtine et closely related to that of the repressor (Jordan and Pabo, 1988 ) and, to a lesser extent, also resembles the al., 1989; Vignais et al., 1990; Gilson et al., 1993) are consistent with the pattern of protein-DNA contacts unusual docking of the Paired homeodomain (Xu et al., 1995) . However, in contrast with the repressor and seen in the structure of the RAP1 DBD-DNA complex (Figure 4 ). An unusual KMnO4 hyperreactivity, normally all other helix-turn-helix motifs (Pabo and Sauer, 1992; Gehring et al., 1994) , the widening of the major groove, associated with single-stranded DNA, is observed upon RAP1 binding in the middle of the binding site (C12 together with the elongation of helix H1B in domain 1, allows a residue from the N-terminal tip of the first helix and C14) (Gilson et al., 1993) . This reactivity might be explained by the local displacement of the sugarof the helix-turn-helix motif to interact directly with a base in the major groove.
phosphate backbone toward the minor groove, exposing the C5/C6 double bond of the cytosines to The intramolecular arrangement of two or more DNAbinding domains containing a helix-turn-helix motif has chemical reaction, while leaving the base pairing over this region unaffected. also been seen in other proteins, for example, the Oct-1 
RAP1 binds in vivo not only to the telomeric repeat
with an average spacing between RAP1 molecules of 18 bp (Gilson et al., 1993) . Owing to the heterogenous sequences, but also to a number of sites within promoters and silencer elements with similar but not identical sequence repeat of telomeric DNA from S. cerevisiae, the spacing between the bound proteins is somewhat sequences. The overall sequence specificity of the RAP1 DBD deduced from direct and water-mediated contacts irregular, with the occupied DNA sites being selected on the basis of sequence preferences and local steric (Figure 4) agrees well with the consensus sequence 5Ј-(A/G)(C/A)A(C/T)CC(A/G)(C/A)NCA(C/T)(C/T)-3Ј (Vignais exclusion effects. A survey of the available telomeric DNA sequences of S. cerevisiae shows that RAP1-bindet al., 1990) and a similar RAP1 recognition sequence derived by a polymerase chain reaction amplification/ ing sites are clustered and that the most common spacing is 13 bp. This spacing is shorter than the protein-DNA selection procedure (Graham and Chambers, 1994) . In general, the sequence of RAP1-binding sites is more interface of 16 bp seen in the RAP1 DBD-DNA structure. Model-building studies show that two RAP1 DBD moleconserved in the 5Ј region including the C-triplet than it is in the 3Ј region. The structure explains this conservacules can bind next to each other on a straight DNA fiber as closely as 11-12 bp without steric hindrance. tion, in that the 5Ј region is contacted more extensively by both domain 1, including the loop between helices Since this is in agreement with footprinting results using full-length RAP1 (Gilson et al., 1993) , these observations H1A and H1B, and the C-terminal tail.
RAP1 also binds to another common telomeric sesuggest that the full-length protein and its DBD occupy the same length of DNA. The space-filling model in Figquence, 5Ј -ACACCCACACCAC-3Ј, with only slightly reduced affinity (Gilson et al., 1993 ; L. C., unpublished ure 7 was constructed by docking two RAP1 DBD molecules on DNA with the common spacing of 13 bp. The data). In this site the two conserved ACACC repeats are more closely spaced. It seems unlikely, for the reasons DNA is tightly packed by the protein molecules, which could explain the protection of telomeric DNA from given above, that the RAP1 DBD domains could rearrange to accommodate a shorter spacing between nuclease digestion in isolated yeast nuclei (Wright et al., 1992) . In vivo, however, the density of RAP1 molecules the repeats, an interpretation consistent with KMnO4 footprinting data on this telomeric DNA site (Gilson et on telomeres could be modulated, e.g., by the phosphorylation state of the protein or by al., 1993). It is also unlikely that the DNA itself could undergo a conformational change of such a magnitude interaction with factors such as RIF1, SIR3, and SIR4 (Hardy et al., 1992; Moretti et al., 1994) . (Kö nig and Richmond, 1993) . One possibility is that domain 2 adapts to recognize different sequences through side chain rearrangements, as seen for other proteinImplications of the RAP1 DBD Structure for Recognition of Telomeric DNA interfaces (Schwabe et al., 1995) , thereby mainly contributing to the overall binding affinity.
Repeat Sequences
The striking feature of the telomeric DNA of most eukaryThe in vitro footprinting studies of full-length RAP1 bound to a long telomeric DNA fragment show that the otic organisms is its sequence in which conserved units of 6-8 bp are repeated in tandem (Zakian, 1995) . The protein can bind continously along the length of the DNA telomeres (McEachern and Blackburn, 1995) . This observation is consistent with a model in which the binding of a protein along the length of the telomeric repeats regulates the telomerase-mediated elongation of telomeres (McEachern and Blackburn, 1995) . Hence, it is likely that two homologous RAP1 proteins have a similar function at telomeres.
At present there is only limited information on proteins from higher eukaryotes that interact in a sequencespecific fashion with double-stranded telomeric DNA (Rhodes and Giraldo, 1995) . Recently, the human telomere repeat-binding factor, TRF, was identified and cloned (Chong et al., 1995) . This protein binds sequence specifically to the double-stranded human telomeric repeat C3TA2 (the TTAGGG repeat). TRF is not a RAP1 mains. It remains to be seen whether homeodomain/
The distance between two neighboring RAP1 DBD molecules is 13
Myb motifs are a common feature of proteins that bind bp, which is equivalent to a rotation of 110Њ (in a right-handed sense).
to double-stranded telomeric repeats and, moreover, This organization allows an overlap between neighboring protein how they are organized on telomeric DNA. molecules and, hence, a tight packing.
Experimental Procedures

RAP1 DBD structure presented here provides insight
Protein and DNA Purification into the protein architecture used to recognize such a RAP1 DBD (residues 353-598) was expressed in E. coli and purified sequence organization. First, each of the RAP1 DBD as described previously . The oligonucledomains recognizes a repeat of 5-6 bp of DNA conotides including the phosphorothioate derivative were synthesized taining the sequence ACACC. Second, the structure proon an Applied Biosystems 380B DNA synthesizer and purified by vides a general model for how a monomeric protein denaturing SDS-polyacrylamide gel electrophoresis followed by purification on C-18 SEP PAK cartridges (Water Associates). The two can bind two telomeric repeats spaced 8 bp apart. This DNA strands were annealed and the RAP1 DBD-DNA complex was intramolecular arrangement of two domains is advanta- Figure of merit: ͐ P(⌽)exp(i⌽)d⌽/͐ P(⌽)d⌽, where P is the probability distribution of the phase angle ⌽. The anomalous scattering contribution was included for derivative HgCl 2 (16-3.0 Å ) and K3UO2F5 (16-4.5 Å ). f R factor: ⌺ hkl ԽԽF obs ԽϪԽF cal ԽԽ/⌺ hkl ԽF obs Խ. g Free R factor was calculated with 5% of data being omitted from refinement.
annealed DNA site was prereacted overnight at 4ЊC with HgCl2 in a of 2(Fo-Fc)-difference Fourier maps. A solvent mask was used to correct the low resolution data. Water molecules were identified in molar ratio of 1:5 in 5 mM MES (pH 6.0), 50 mM KCl. Crystals of this derivative were mounted directly from the crystallization drop.
Fo-Fc-difference Fourier maps and included in the model only if they were near potential hydrogen donor or acceptor groups and The heavy atom sites of the derivatives were identified by difference Fourier maps initially using MIR phase information obtained with equivalent water molecule were present in the NCS-related position. The NCS constraints were released in the final cycles of positional iodine derivatives of a less well-diffracting crystal form that had the same space group and similar cell dimensions. Two closely spaced and restrained B factor refinement. The entire model was checked using annealed omit maps (Hodel et al., 1992) , excluding segments (2.5 Å ) heavy atom sites are present per phosphothioate group in the Hg-DNA.
of ten amino acids, or five bases, in both NCS-related protein-DNA complexes at a time. The R factor of the final model is 21.9% (free The heavy atom parameters were refined in MLPHARE (Otwinowski, 1991) , and an electron density map was calculated using MIR R factor ϭ 29.4%) using data from 16.0 Å to 2.25 Å . The N-terminus (residues 350-359) and C-terminus (residues 595-598), three internal phases to 3.0 Å resolution. The map was improved by solvent flattening using the program SOLOMON (Abrahams et al., 1994) and regions of the protein (residues 482-512, 565-571, and 579-585), and the overhanging base (C1) of one DNA duplex could not be noncrystallographic symmetry (NCS) averaging of the two complexes per asymmetric unit. The molecular envelope and the NCS interpreted, owing to missing electron density. The protein has excellent stereochemistry with only one residue, Glu-65, just outside operator were manipulated and optimized with the programs RAVE and MAMA (Kleywegt and Jones, 1994) . A partial model, comprising of a generously allowed region in the Ramachandran plot. Coordinates will be deposited in the Brookhaven Data Bank. While these the DNA without the overhanging 5Ј ends and the protein (residues 352-470 and 517-564) including both domains and the linker, was are being processed, they may be obtained by e-mail at kpk@mrc-lmb.cam.ac.uk. fitted into the electron density using the graphics program O . Positional and restrained B factor refinement of the partial model with the program X-PLOR version 3.1 (Brü nger, 1992) Acknowledgments gave an R factor of 0.31 (initial R factor ϭ 0.49) using stereochemical parameter files from Engh and Huber (1991) for the protein and the The authors are indebted to John Finch for his help in the early stages of this project. We also thank Jan-Pieter Abrahams, Filippo file param11.dna of the X-PLOR package for the DNA with the bases restrained for planarity. The model was further extended and rebuilt Mancia, and Atsushi Nakagawa for help in solvent flattening and noncrystallographic averaging procedures; Louise Fairall and John in difference Fourier maps calculated with weighted coefficients of SIGMAA (Read, 1986) , which incorporated the experimental data as Schwabe for helpful advice for the determination of heavy atom site positions; and Phil Evans, Andrew Leslie, and Jade Li for helpful well as the information from the refined partial model and the solvent-flattened/averaged map. The high resolution limit of the data discussions relating to data collection and processing. We thank Terry Smith for oligonucleotide synthesis and Jane Grasby for adwas extended stepwise to 2.25 Å , and the model was improved in several cycles of refinement in X-PLOR, including simulated annealvice on the preparation of phosphothioate DNA derivatives. We also thank Dr. David Shore for comments on the manuscript. This work ing with noncrystallographic symmetry constraints and calculation
